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Abstract 
In this study, three indigenous microalgae strains (Scenedesmus subspicatus GY-16, Chlorella vulgaris FSP-E, and 
Anistrodesmus gracilis GY-09) were evaluated for their performance on producing carbohydrates, which serve as 
feedstock for bioH2 production. The results show that C. vulgaris FSP-E displayed the highest growth rate (825.6 
mg/L/d) and carbohydrate productivity (365.8 mg/L/d). Different sodium acetate concentrations were supplemented 
into the growth medium to investigate the effect of organic carbon source on biomass and carbohydrate productivity. 
The results show that using 2000 mg/l sodium acetate to grow C. vulgaris FSP-E resulted in the highest biomass and 
carbohydrate productivity of 1022.3 mg/l/d and 498.5 mg/l/d, respectively. Meanwhile, to assess the practical 
applicability of the proposed microalgae-based carbohydrates production system, the photobioreactor was further 
operated on semi-batch mode for a prolonged incubation time under the optimal conditions. The results show that the 
biomass and carbohydrate productivity of C. vulgaris FSP-E was stably maintained at 1173.6 and 371.4 mg/L/d, 
respectively. Due to the high carbohydrate content, C. vulgaris FSP-E is considered an excellent feedstock for 
biohydrogen fermentation. Using the acidic hydrolysate of C. vulgaris FSP-E as feedstock, the separate hydrolysis 
and fermentation (SHF) process could achieve high-yield hydrogen production with a maximum hydrogen yield of 
2.67 g hydrogen/g microalgae biomass, which is higher than most reported values. These results indicate that using 
carbohydrate-rich microalgae as feedstock to produce biohydrogen is indeed feasible for practical applications. 
© 2014 The Authors. Published by Elsevier Ltd.  
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1. Introduction 
        Most biohydrogen is produced using food crops as feedstock (Ghirardi et al., 2000), which raises a 
serious impact on food supplies and competition of arable lands. Therefore, developing a new and 
sustainable feedstock suitable for commercial fuel hydrogen production is of urgent demand. Microalgal 
biomass is suitable for biohydrogen production because some species have high carbohydrate content that 
is suitable substrate for biohydrogen fermentation (Kapdan & Kargi, 2006; Melis, 2002). In addition, the 
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microalgae can grow much faster than terrestrial plants, thereby having higher CO2 fixation efficiency.  In 
this study, microalgal strains were used to produce high levels of carbohydrates for the biohydrogen 
production. To improve the performance of microalgae growth, the optimal carbon source was examined 
since the organic loading often plays a crucial role in growth kinetic. Therefore, the effect of organic 
substrate (i.e., sodium acetate) concentrations on microalgal growth and carbohydrate production was also 
explored. The semi-batch operation of the photobioreactor was carried out to examine stability of long-
term operation of microalgae growth and carbohydrates production in order to assess the feasibility in 
practical applications. Finally, the acidic hydrolysate of Chlorella vulgaris FSP-E biomass was used as feedstock 
to explore the biohydrogen production performance via SHF process.
2. Effect of microalgae strains on microalgal growth and carbohydrate production  
        The microalgae strains were isolated from freshwater and seawater area. This three microalgal 
isolated were identified as Scenedesmus subspicatus GY-16, Chlorella vulgaris FSP-E, and 
Anistrodesmus gracilis GY-09. The three strains were grown mixotrophically on basal medium (aerated 
with CO2 at 2% and 0.2 vvm; light intensity was 450 ȝmol/m2/s; inoculum size was 0.15 g/L) in a 1 L 
glass vessel. Fig. 1 shows the time course profiles of the biomass concentration, biomass productivity, 
carbohydrate content and carbohydrate productivity for the GY-16, FSP-E and GY-09. The maximum 
biomass production of GY-16, FSP-E and GY-09 was 5.53, 5.66 and 4.67 g/L, respectively. During the 
nitrogen starvation, the maximum carbohydrate content of GY-16, FSP-E, and GY-09 were 52.82%, 
54.84, and 38.99%, respectively. Among the three microalgal strains examined, C. vulgaris FSP-E has the 
highest growth rate, biomass concentration, carbohydrate content and carbohydrate productivity and was 
thus chosen for further studies on carbohydrate production. The highest carbohydrate productivity of C. 
vulgaris FSP-E was 365.7 mg/L/day, which is higher than most reported performance in the literature.  
3. Effect of sodium acetate concentration on microalgal growth and carbohydrate production of 
Chlorella vulgaris FSP-E 
        The type and concentration of organic carbon source is normally the most critical factor affecting the 
heterotrophic growth of microalgae (Berberogu et al., 2008; Chen et al., 2008). Thus, different sodium 
acetate concentrations (1000–3000 mg/L) were used for cultivation of C. vulgaris FSP-E to examine the 
microalgae growth and carbohydrate accumulation productivity. The photobioreactor was illuminated 
with external light source TL5 lamps at a light intensity of approximately 450 mol/m2/s. As shown in Fig. 
2, the highest microalgae production reached 5.13 g/l when acetate concentration was 1000 mg/l. Fig. 2
also shows that the overall biomass production rate and overall carbohydrate production rate increased 
when the acetate concentration was increased from 1000 to 2000 mg/L, but they both dropped slightly 
when the acetate concentration was further increased to 3000 mg/L. This lower overall 
biomass/carbohydrate productivity might be due to a longer incubation time along with a lower biomass 
production when the carbon source concentration was too high. The results show that using acetate 
concentration of 2,000 mg/L could lead to the best performance on microalgae growth(5.12 g/L) and 
carbohydrate production (498.5 mg/L/day) (Fig. 2). Therefore, an acetate concentration of 2,000 mg/L 
was used in the investigation of the semi-batch cultivation strategy to further promote microalgae growth 
and carbohydrate production. 
4. Effects of medium replacement ratio on microalgae growth and carbohydrate production of 
Chlorella vulgaris FSP-E with semi-batch operations 
        To assess the commercial feasibility of the microalgae-based carbohydrate production system 
proposed in this study, the photobioreactor was also operated on semi-batch mode under the optimal 
conditions described above (i.e., medium, Basel medium; nitrogen source, urea at 560 mg/l; light intensity, 
450 ȝmol/m2/s). The semi-batch operations comprising repetitive feeding and discharge cycles were 
carried out for the microalgae growth and carbohydrate production. The culture medium  was discharged 
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from the PBR at a replacement ratio of 10%, 25%, 50% and 75% as the cell growth reached the maximum 
level. The same volume of fresh medium was rapidly refilled into the PBR to conduct the next semi-batch 
run. Before activating the semi-batch operation, the microalgae were cultivated on batch system until the 
cell density reached approximately 2.4 g/l, the cell concentration at which the maximum carbohydrate 
accumulation of 999.5 mg/l/d was observed (Fig. 3). The operation was then switched to semi-batch 
mode with four medium replacement ratios (i.e., 10%, 25%, 50%, and 75% replacement). As shown in 
Fig.3a, the cumulative biomass productivity increased with increasing replacing ratio of medium from 
0% to 10% mg/L. The highest biomass production of 5.72 g/L was observed at 10% replacement, whereas 
it started to decrease as the replacement ratio was further increased from 10% to 75%, as the biomass 
production dropped to 5.46 g/L for the 75% replacement. On the other hand, the carbohydrate contents 
and productivity reached 49.5% and 371.4 mg/l/d, respectively, when using 10% replacement.  Analysis 
of carbohydrate composition shows that the main component in the carbohydrate of the microalga was 
glucose, which accounted for 92.4% of total carbohydrates. Meanwhile, a small amount of xylose (0.82% 
of total carbohydrates) was also detected in the microalgae-based carbohydrates. The results shown above 
suggest that the best medium replacement ratio in semi-batch operation was 10%, when considering both 
microalgae production and growth rate. Moreover, the high carbohydrate productivity of the semi-batch 
cultivation demonstrates the potential of using C. vulgaris FSP-E as the carbohydrate-rich feedstock for 
biofuels or bio-based chemicals production. 
5. BioH2 production via SHF process using hydrolyzed biomass of C. vulgaris FSP-E as feedstock 
       Fermentative conversion of hydrolyzed microalgae biomass to biohydrogen was investigated by 
using the hydrogen-producing strain Clostridium butyricum CGS5 with Separate Hydrolysis and 
Fermentation (SHF) processes. The C. vulgaris FSP-E biomass used in this study had a carbohydrate 
content of 42.9%. The microalgal biomass was hydrolyzed by using dilute acid method (1% sulfuric acid, 
121 C, 20 min). After acidic hydrolysis of C. vulgaris FSP-E, the hydrolysate with a reducing sugar 
concentration of 11.5 g/L was obtained. C. butyricum CGS5 cells were inoculated into the medium 
containing microalgae hydrolysate to carry out biohydrogen production at 35 C.  The results show that a 
maximum hydrogen production rate of 175 mg/l/d and a hydrogen yield of 1.52 mol hydrogen/mol 
reducing sugar were achieved within 24 h of hydrogen fermentation. In particular, the hydrogen yield 
obtained in this study (maximum at 2.67 g hydrogen/g microalgae biomass) is higher than most of the 
reported values in the literature. Therefore, using the acidic hydrolysate of C. vulgaris FSP-E for 
hydrogen production via the SHF process seems to be a feasible and promising approach for microalgae-
based biohydrogen production. 
Acknowledgements 
        The authors gratefully acknowledge the financial support from the Core Research for Evolutional 
Science and Technology (CREST) of the Promoting Globalization on Strategic Basic Research Programs 
of the Japan Science and Technology Agency (JST). Supports from the Top University Project of NCKU 
and from Taiwan’s National Science Council under grant numbers NSC 102-3113-P-006 -016, 102-3113-
P-110 -011 and 101-2221-E-006 -209 -MY3 are also acknowledged. 
References 
[1] Berberogu H, Jay J, Pilon L. Effect of nutrient media on photobiological hydrogen production by Anabaena variabilis ATCC 
29413. Int J Hydrogen Energy 2008;33:1172-84. 
[2] Chen CY, Yang MH, Yeh KL, Liu CH, Chang JS. Biohydrogen production using sequential dark and photo fermentation 
processes. Int. J Hydrogen Energy 2008;33(18):4755-62. 
[3] Ghirardi ML, Zhang JP, Lee JW, Flynn T, Seibert M, Greenbaum E, Melis A. Microalgae: a green source of renewable H2. 
Trends Biotechnol 2000;18(12):506-11. 
[4] Kapdan IK., Kargi F. Bio-hydrogen production from waste materials. Enzyme Microbial Technol 2006;38(5):569-82  
[5] Melis A. Green alga hydrogen production: progress, challenges and prospects. Int J Hydrogen Energy 2002;27:1217-28.  
 Chun-Yen Chen et al. /  Energy Procedia  61 ( 2014 )  870 – 873 873
[6]   Ho, S.H., Kondo, A., Hasunuma, T., Chang, J.S. 2013. Engineering strategies for improving the CO2 fixation and carbohydrate 
productivity of Scenedesmus obliquus CNW-N used for bioethanol fermentation. Bioresource Technology, 143, 163-171. 
              
Ca
rb
o
hy
dr
at
e 
pr
o
du
ct
iv
ity
 
(m
g/
L/
d)
0
50
100
150
200
250
300
350
400
Ca
rb
o
hy
dr
at
e 
co
n
te
n
t(%
)
0
10
20
30
40
50
60
Bi
o
m
as
s 
co
n
ce
n
tr
at
io
n
(g/
L)
0
1
2
3
4
5
6
Bi
o
m
as
s 
pr
o
du
ct
iv
ity
(m
g/
L/
d)
200
400
600
800
1000
1200
a
b
c
GY-16 FSP-E GY-09
Microalgae species
                          
Ca
rb
oh
yd
ra
te
 c
o
n
te
n
t (
%
)
0
100
200
300
400
500
600
700
Bi
o
m
a
ss
 
co
n
ce
n
tr
a
tio
n
(g/
L)
0
1
2
3
4
5
6
Bi
o
m
a
ss
 
pr
o
du
ct
iv
ity
 
(m
g/
L/
d)
200
400
600
800
1000
1200
a
b
c
1.0 2.0 3.0
CH3COONa concentration (g/l)
B
io
m
as
s 
Co
m
ce
n
tr
at
io
n
(g/
l)
0
1
2
3
4
5
6
7
10%
25%
50% 
75%
Time(d)
0 2 4 6 8 10
Ca
rb
o
hy
dr
at
e 
co
n
te
n
t(%
)
0
20
40
60
10%
25%
50% 
75%
N
itr
at
e 
co
n
ce
n
tr
at
io
n
(m
g/
l)
0.0
0.1
0.2
0.3
0.4
0.5 10%
25% 
50%
75% 
Figure 3  Time course of cell growth, nitrate concentration and carbohydrate content of C. vulgaris FSP-E using 
different medium replacement ratio in the semi-batch operation
Figure 1. Cell growth and carbohydrate production of 
different microalgal strains 
Figure 2 Effect of acetate concentration on 
microalgal growth and carbohydrate production
